Abstract-Toxicity identification evaluations (TIEs) were performed on seven produced water (PW) effluents from inland discharge facilities operated in Trinidad and Tobago, a Caribbean tropical country with one of the oldest commercial oil industries in the world. The research was performed to determine the presence and magnitude of toxicity and characterize which toxicants are responsible for observed effects. Marine effluent toxicity characterizations with Metamysidopsis insularis revealed high whole acute toxic-unit response for produced water ranged from 8.1 to Ͼ17.0 acute toxic-unit (initial toxicity test) and 5.7 to 1,111 acute toxicunit (baseline toxicity test). Toxicity test results for all sites except one, which had the highest toxicity, are comparative with similar studies on produced water. The toxicological causality of this complex mixture differed for each PW with nonpolar organics being consistently toxic in all samples. Other potential toxicants contributing to overall toxicity to a much lesser extent were metals, ammonia, and volatile organic compounds. With the use of sodium thiosulfate and filtration manipulations for only PW6 sample, there was very slight reduction in toxicity; therefore, oxidants and filterable materials were not a great contributing factor. Whole effluent toxicity also can be attributed to ionic imbalance and the very stable oil-in-water emulsion that consists of fine oil droplets (less than 0.1-10 m with an average diameter of 2.5 m). This investigation is the first of its type in Trinidad and demonstrates clearly the applicability of this test method and local test species for evaluating complex effluents in tropical environments.
INTRODUCTION
In response to current and ever increasing industrialization in Trinidad and Tobago, there have been recent efforts by both the scientific and regulatory communities toward the development, implementation, and enforcement of testing methodologies and regulations. The focus of these methods and regulations would be aimed at characterizing the presence and effects of toxicants entering the nation's waterways with the goal of incorporating toxicity into permits for point-source discharge. In the past, effluent monitoring in Trinidad and Tobago was either nonexistent or based on a chemical-specific inventory of contaminants, and the data generated were used to assess the potential adverse effects to the receiving environments without any biological relationship to any specific test organism being established.
Historical overview
Trinidad has one of the oldest oil industries in the world. The first commercial oil producing well (1907) was well number 3 at Guapo, Point Fortin and was operated by the Trinidad Petroleum Company [1] . Four refining/topping facilities were constructed during the 1910s. The two remaining refineries are at Point Fortin and Pointe-a-Pierre; these were built in 1912 and 1916, respectively [2] . Since the commencement of the industry, production levels have increased steadily making Trinidad the largest oil producer in the British Commonwealth in the 1930s. In the last 80 years Trinidad's economy has become highly dependent on revenue generated by oil pro-* To whom correspondence may be addressed (najila5@hotmail.com).
duction and its activities have introduced many contaminants such as heavy metals and inorganic and organic pollutants into the environment [2] . However, the quest for environmental protection and regulations has not maintained pace with the fast growth of the industry and its adverse effects on the environment.
One effluent of major concern for this industry is produced water. Produced water is a by-product of oil and gas exploration and consists primarily of formation water (i.e., water naturally present in the oil-reservoir). However, it also contains water (production water) that was previously injected into the rock formation to enhance oil production (water flooding and pressure maintenance) and any treatment chemicals added to maintain or stimulate the reservoir [3] [4] [5] [6] . Presently, there are 17 inland produced water discharge sites in Trinidad [7] this effluent is produced at a rate of 100,000 barrels per day (1 barrel ϭ 159 L) and 90% is discharged into small nearby waterways (e.g., rivers, swamps, and coastal marine areas) without any significant treatment or assessment of its toxicity. This effluent contributes to a significant input of pollutants and oil into the environment. Due to the age of Trinidad's oil industry, many of its onshore wells are antiquated. Consequently, they produce low levels of oil; therefore, there is increasing practice of oil recovery with water flooding or thermal secondary recovery, notably steam injection, to maintain reservoir pressure. The key pollution issues facing the industry include increasing quantities of produced water, which includes stable and tenacious oil-in-water emulsions that cannot be separated with the conventional technique of gravity-induced separators, the lack of knowledge of its toxicity, and environmental impacts. The scarcity of quantitative toxico-logical and chemical data on such an effluent and its release to the environment without proper treatment is cause for increased concern by regulators.
Environmental regulations
Current regulations in Trinidad and Tobago state that the oil content of effluents should not exceed 25 mg/L into inland surface waters, 40 mg/L into coastal nearshore areas, and 80 mg/L into marine offshore areas from industries [8] . Environmental authorities have expressed increasing concern that these regulations are insufficient in their scope to truly assess the impact of a complex wastewater such as produced water. As a result, a variety of environmental rules have been drafted enabling the incorporation of toxicity testing into effluent monitoring and permitting systems for point source discharges in Trinidad and Tobago [9] . The Water Pollution Rules 2000 (Environmental Management Act 2000), states that the toxicity of effluent point sources into the environment should demonstrate ''no acute toxic effects.'' The Environmental Management Authority also incorporates toxicity identification evaluations (TIEs) into its rules; however, the application of TIEs by industry and for regulatory purposes in permitting effluents in Trinidad and Tobago has not been initiated. These rules are based on the U.S. Environmental Protection Agency (U.S. EPA) National Pollutant Discharge Elimination System regulations discussed in the Clean Water Act [10] .
The procedures developed by the U.S. EPA [11] [12] for determining the toxic components in complex effluents involves a toxicological approach called the Toxicity Identification Evaluation. Phase I of the TIE is the characterization of toxic agents' contributions based on the physical or chemical division of a sample into various chemical fractions and the determination of the toxicity of each fraction. By relating any change in toxicity with any of the manipulations, a causeand-effect relationship can be hypothesized. The TIE-based approach has since been adapted and applied by testing and research facilities in several countries using different media such as seawater, effluents, produced waters, and sediment interstitial waters and using a variety of test organisms including algae, invertebrates, and fish [13] [14] [15] [16] . The United States has utilized test species in marine TIEs, which are established and used routinely in acute and chronic toxicity testing procedures [17, 18] . Some seventeen species have been developed for use in marine TIEs. One key invertebrate species is the epibenthic mysid, Mysidopsis bahia (now known as Americamysis bahia) [19] . Recently, a toxicity test and life history using a tropical mysid species, Metamysidopsis insularis [20] , indigenous to Trinidad has been conducted by Elias-Samlalsingh [21] .
The objectives of this study are to assess the toxicity of several produced water discharges in Trinidad and characterize the toxicants using the indigenous tropical mysid species, M. insularis.
MATERIALS AND METHODS

Effluent sampling
Four liters of produced water were collected in glass from each of seven participating facilities. Samples were collected from the end-of-pipe discharge (i.e., where produced water is released directly into the receiving environment). The bottle was filled slowly to minimize agitation of the samples and so avoid loss of any volatile components.
At the time of sample collection the following data were recorded: location (facility), date, time, salinity (refractometer), odor, color, temperature, pH (direct meter reading, ORION 290A, Beverly, MA, USA), dissolved oxygen (YSI model 55, handheld dissolved oxygen system, Yellow Springs, OH, USA), and presence of any water treatment systems. The produced water sample was transported immediately from the field in a cooler packed with ice (ϳ4ЊC) to the University of the West Indies Ecotoxicology Laboratory (University of the West Indies, Faculty of Science and Agriculture, Department of Life Sciences, Zoology Unit, St. Augustine, Trinidad, West Indies).
Collection and maintenance of mysids
Metamysidopsis insularis, a tropical mysid species, was used as the indicator species for the TIE procedures. During the course of this study, mysids were collected from the Caroni Swamp (an estuarine environment situated on the west coast of Trinidad, southwest of the city Port-of-Spain), by sweeping hand-held nets (Ͻ1-mm mesh) either near the mangrove roots or at the water's edge. Mysids were placed into a container and transported to the laboratory in their habitat water and placed in a 40-L holding tank. After 2 h, adults were collected from the culture with an aquarium net of mesh size (1 mm) and transferred into a spawning tank after separation of adults from younger life stages by sifting (i.e., allowing juveniles to pass through the net retaining adults). Adults were maintained overnight in the spawning tank, which consisted of a 20-L aquarium and a suspended spawning chamber with a netted (1 mm) bottom beaker (4-L) used to separate the hatched early juveniles from the adults. To acclimate, newly released mysids were maintained in a temperature-controlled (25 Ϯ 1ЊC) static recirculating seawater system [22] [23] [24] [25] at experimental salinities for 48 h prior to the commencement of testing. Cultures were fed twice daily Artemia nauplii (Aquafauna Bio-Marine, Hawthorne, CA, USA; Ͻ24 h after hatching) hatched in the laboratory from cysts.
Chemical analyses of samples
Analysis of alkalinity (calculated from bicarbonate measurements; American Public Health Association [APHA] method 403) [26] , total ammonia (HACH method 8038 using the DR 2000 spectrophotometer, Hach Company, Loveland, CO, USA), sulfide (APHA method 427D), total oil and grease [27] , total petroleum hydrocarbons [26] , total dissolved solids (APHA method 208C), and total suspended solids (APHA method 208D) was conducted on each of the produced water samples. Chemical analyses of major seawater cations and anions included sodium, calcium, and magnesium analyzed by atomic absorption spectroscopy, chloride (APHA 408A), sulfate (HACH method 8051), and bicarbonate (APHA method 403).
Analysis for select metals was accomplished following extraction by the microwave digestion system (Perkin-Elmer, Meriden, CT, USA) and subsequently measured using graphite furnace atomic absorption spectroscopy (Perkin-Elmer). Dissolved concentrations were determined for samples during the month of February 1999 by first filtering the samples and then acidifying prior to digestion.
Exposure conditions
Toxicity tests were conducted on whole effluent (i.e., initial and baseline) and each sample fraction obtained after the TIE manipulations. Toxicity testing methodologies followed stan- dard protocols presented in Norberg-King et al. [11] , and Burgess et al. [12] . Mysids were 2 d old at the start of testing and exposed to at least twelve test concentrations using a 50% dilution series of produced water/dilution water (dilution water consisted of filtered natural seawater and deionized water combined to give the desired testing salinity of 20‰) and a control consisting of 100% dilution water. Five test animals (mysids) were added to each of the test chambers and three replicates per treatment were used for the initial and baseline procedures. One replicate per treatment was used in the phase 1 test procedures. Test chambers were 50-ml glass containers filled to 20 ml with effluent sample concentrations. All tests were conducted in a temperature-controlled water bath (25 Ϯ 2ЊC) under fluorescent lighting with a photoperiod of 12:12-h light:dark, and all samples were adjusted to test salinity of 20‰ Ϯ 1‰. Mysids were not fed during the 24-h static testing period but were fed in the spawning tank prior to their use in the test chambers. The test chambers were static nonrenewal systems.
Toxicity characterization (phase I-marine TIE methods)
Phase I TIE procedures used are described in detail in the U.S. EPA method for conducting marine TIEs [12] . TIEs involve subjecting the samples to a series of physical and chemical manipulations that have been shown to alter the bioavailability of specific toxicants.
Initial toxicity tests were conducted on the same day of sample receipt (day 1) to assess the toxicity of the effluent. Following the assessment of initial toxicity, the baseline toxicity test procedure was conducted on the following day (day 2). In this study as many as twelve serial dilutions (post-salinity adjusted samples) of the PW and a control (i.e., 0% effluent) with three replicates per concentration were tested for initial and baseline manipulations for each site. Control survival was Ն80% for a toxicity test to be considered acceptable.
Tolerance testing
Tolerance levels, for chemicals added in phase I, of ethylenediaminetetraacetic acid (EDTA), sodium thiosulfate and methanol were required to test M. insularis. The 96-h static renewal acute median lethal concentrations (LC50) are given in Table 1 . Tests were conducted using standard U.S. EPA test procedures [17] using 10 mysids per beaker. Results of these tests were compared to tolerance values reported for A. bahia [12] only for comparative purposes to access the difference in relative sensitivity of the tropical species to that of a subtropical species. Mysids were fed newly hatched Artemia nauplii once daily, several hours before the test solutions were changed. To maintain water quality in the test chambers, test solutions were renewed daily, survival was recorded at daily intervals, and dead mysids were removed.
Subsequently, the PW samples were tested with additions of 15, 30, and 60 mg/L of reagent grade EDTA and sodium thiosulfate treatment additions of 6, 12.75, and 25.5 mg/L of reagent grade sodium thiosulfate. The EDTA and sodium thiosulfate solutions were directly added to the test chambers, mixed thoroughly, and left for approximately 3 h and 1 h, respectively, before initiating the toxicity test.
Tolerance tests were conducted using methanol concentrations of 0.10 to 2.5% using a 50% dilution factor and followed the procedure of an acute 96-h toxicity test. Following this, the 96-h LC50 (Table 1 ) was calculated and the value used to determine the appropriate eluate volume to be used in toxicity tests.
C 18 solid phase extraction procedure (SPE)
The C 18 procedure was conducted according to the methods given in the TIE procedures [12] . In the test, 300 ml of filtered PW was filtered through one 3-ml C 18 column (SUPELCO, Bellefonte, PA, USA) and then eluted twice to obtain a total volume of 6ml.
Methanol elution test
For methanol elution of the C 18 column, using methanol/ water (i.e., 25, 50, 65, 75, 90, 100%) fractions were used to elute two successive bed volumes (6 ml total) of each of the six methanol/water (v/v) solutions. Each fraction was immediately used for toxicity tests with a final concentration of methanol of Ͻ1.2% (v/v) methanol.
The methanol/water fractions were tested by adding volumes of 240, 120, and 60 l for PW1 to PW6 and 120, 60, and 30 l of methanol/water fraction for PW7 to 20 ml aliquots of dilution water and then tested for acute toxicity (24 h LC50).
Graduated pH procedure
Toxicity tests were conducted at pH 7.0, 8.0, and 9.0 on day 2. To control the pH of the sample at pH 7.0 and 9.0, closed atmosphere chambers were used. The atmosphere chambers were constructed of 6.25-mm (0.625 cm) thick plexiglass and were 30 cm wide ϫ 25 cm deep ϫ 16 cm high. Atmosphere chambers were sealed. Test dilution series of 4 ϫ 24-h LC50, 1 ϫ 24-h LC50, and 0.5 ϫ 24-h LC50 were prepared with the same specific modifications as listed in the procedure document [12] .
DATA ANALYSIS
Estimates of the 24-h LC50 values for initial and baseline toxicity tests were determined using either the EPA recommended Probit analysis program (Ver 1.5; U.S. EPA, Cincinnati, OH) [28] or trimmed Spearman-Karber procedure [29] depending on the nature of each data set. The 24-h LC50 values, determined from the initial toxicity test, were used to decide the appropriate exposure concentrations for the subsequent TIE manipulations. Resulting data from the TIE manipulations of each PW were analyzed using trimmed Spearman-Karber program [29] and the individual toxic units were used in subsequent comparisons to evaluate if there was any significant changes in toxicity of the samples following the manipulations as compared to the baseline toxicity results. If the three concentrations tested (i.e., 4 ϫ 24-h LC50, 1 ϫ 24-h LC50, and 0.5 ϫ 24-h LC50) had mortality all above or below 50% (i.e., 100% mortality, or 100% survival) after manipulations so that an LC50 could not be calculated for that sample, the highest or lowest concentration tested was set as the LC50 for that manipulation for comparison purposes. Differences were considered to be significant when the LC50 for the manipulations were significantly outside the confidence intervals for each site.
RESULTS AND DISCUSSION
Water chemistry
At the specific PW collection sites the salinity ranged from 8 to 33‰; mean pH ranged from 6.9 to 8.3; mean temperatures ranged from 29 to 34ЊC; and the mean dissolved oxygen ranged from 0.80 to 2.00 mg/L (Table 2) . Mean alkalinity during the testing period ranged from 30 to 3,600 mg/L; total suspended solids generally ranged from 50 to 394 mg/L; total petroleum hydrocarbons (conducted to examine if any relationship exists between a high total petroleum hydrocarbons measurement and a high PW toxicity) varied significantly from site to site ranging from 4.20 to 313 mg/L. Traditionally, the source of toxicity in PWs was based on a chemical inventory of potential toxicants. Therefore, these chemical measurements afford the opportunity to compare values for individual components with the results from a toxicity-based approach such as a TIE. The values of concern are further magnified by the fact that PW is a highly complex mixture. The values for the total oil and grease ranged from low values of 4.2 to values of 337 mg/L, which for some PW far exceeds the acceptable criteria of 80 mg/L established by the U.S. EPA; however, the total petroleum hydrocarbon (TPH) values were all relatively low, less than 14.2 mg/L (the highest measured value for PW5), except in the case of PW1 where the TPH value was 286 mg/L. The un-ionized ammonia concentration ranged from 0.16 to 2.25 mg/L.
The actual mean cation and anion concentrations were shown to differ significantly from those of the predicted values calculated from the PW salinity measurements and that of the dilution water (20‰) and standard seawater (35‰) [30] (Table  3) . This was performed because the effect of ion composition, an important factor that may directly affect toxicity to aquatic organism, is not targeted specifically by any of the TIE procedures performed in this study. Understanding the contribution of inorganic ions to PW toxicity can be critical because discharge of PW at these collection sites is conducted mainly in small inland freshwater rivers where dilution and dispersion can be limited significantly. Measured values of Na ϩ , Cl Ϫ , Ca 2ϩ , and Mg 2ϩ were consistently lower than predicted values and control, except in the case of where the reverse Ϫ HCO 3 trend was seen, and the ratio of Ca 2ϩ :Mg 2ϩ were consistently lower except in the case of PW1 where this ratio was higher.
The comparison of the 96-h acute LC50 and water quality criteria (criterion continuous concentrations) for A. bahia, to the trace metal values obtained for each PW illustrates the great variability in concentrations from site to site (Table 4) . In this study, 96-h acute LC50 data were used for comparison as this time period provided the most reliable and available toxicity data for all the metals except vanadium [31] . For several metals, toxicity test data for 24-h LC50 is unavailable as there can be a large difference between 24-h and 48-h survival measurements with roughly all mysids alive at 24 h and almost all dead at 48 h (in the higher concentrations) [A. Kuhn, U.S. EPA, Narragansett, RI, personal communication]. Copper was generally the least detected present above analytical detection limits only in PW2, PW6, and PW7. This is then followed by lead, which was detected in four of the seven produced water samples (PW2, PW3, PW4, PW7). In general, trace metal concentrations were below the 96-h acute LC50 values, but for some produced waters these were above the criterion continuous concentrations values for a particular or several trace metals. Chromium and cadmium were detected frequently in the PW but at much lower values than the U.S. EPA water quality criteria (criterion continuous concentrations) and the 96-h acute LC50. Nickel was only detected at a higher concentration to the criterion continuous concentrations values in PW1 and PW3. Zinc was the only trace metal consistently above the criterion continuous concentrations values but below the 96-h LC50 values for all PW samples. Lead was the only trace metal that had a very low concentration compared to the criterion continuous concentrations value except for PW2, PW3, and PW4. However, lead was present at values far below Environ. Toxicol. Chem. 23, 2004 N. Elias-Samlalsingh and J.B.R. Agard Adapted from Tucker et al. [30] the 96-h acute LC50 values. Therefore, from these initial comparisons metals are generally not a significant issue for these PWs.
Phase I TIE
All PWs were acutely toxic to mysids (Table 5) . Toxicity of the PW samples ranged from approximately 0.1 to 18% using M. insularis as the test species. It should be noted that for two sites (PW1 and PW6) no initial 24-h LC50 was obtained due to exceptionally high toxicity and high control mortality, respectively. Most produced water 24-h LC50s were greater than 5% and PW1 had the greatest toxicity (lowest 24-h LC50).
Potential PW toxicants
Produced waters are complex mixtures, which can make it difficult to attribute toxicity to specific toxicants [32] . The initial concern raised about the toxicity of this effluent is justifiable as this effluent currently is discharged at 100% effluent concentration into the receiving environments and our data indicates high toxicity in all produced water samples. The continued input of such highly toxic waste can have deleterious effects on natural systems. Interestingly, a survey of the literature shows that the toxicity results generally are consistent with other studies on produced waters conducted in different countries with different test species [33, 34] , except in the case of PW1 where the toxicity level was remarkably high. This study also has demonstrated that for the assessment of toxicity and characterization of produced water, the tropical test mysid M. insularis has proven to be a suitable test species.
Nonpolar organic compounds
In all of the produced water samples, C 18 manipulation consistently removed toxicity (Table 6 ) with the greatest reduction in toxicity occurring in PW1 and PW7. The effectiveness of the C 18 SPE at removing toxicity in all of the produced water supports the postulation that nonpolar organic compounds were the major toxicants present.
Elution from the C 18 columns loaded with produced water demonstrated toxicity in several fractions ( Table 7 ). The toxic fractions that exhibited toxicity the most were the 50 and 75% methanol fractions. However, for PW6 there was no methanol fraction that exhibited high toxicity. The methanol fractions were either nontoxic or had a very low toxicity (ϳ 20% mortality), which suggests that there was little or no methanoleluatable nonpolar organic compounds sorbed to the C 18 column.
pH-dependent toxicants
Slight toxicity was associated with pH-dependent toxicants, such as ammonia. When sample toxicity increases with increasing sample pH, as seen in PW6, toxicants such as ammonia can be suspected [35] . The toxicity of aqueous ammonia is primarily attributed to un-ionized ammonia (NH 3 ), which predominates at higher sample pH, with ions being rel-ϩ NH 4 atively less toxic [13] . The levels of un-ionized ammonia detected for all seven PW ranged from 0.16 to 2.25 mg/L, which in comparison to the values for A. bahia shows them to be slightly higher than the 96-h LC50 for un-ionized ammonia of 1.7 mg/L only at two sites (PW2, PW3) and criterion continuous concentrations of 0.035 mg/L for all sites [36] . Levels of un-ionized ammonia in the range of 0.1 to 22 mg/L in water have been shown to be toxic to 19 freshwater invertebrates and 29 fish species [35] . When sample toxicity increases with decreasing sample pH, as observed for PW3, and PW4, toxicants such as hydrogen sulfide may be present. However, H 2 S is readily oxidized and removed through volatilization [10] . Therefore, if H 2 S were a predominant toxicant, a significant reduction in toxicity would have occurred with the aeration manipulation. However, there was no reduction in toxicity due to aeration manipulation for any of these PWs and, as such, hydrogen sulfide is not seen as a possible toxicant.
The toxicity for PW1 increased for all pH values tested, therefore establishing no clear indication of a pH-dependent toxicant; the values may have been attributed to an increase in toxicity due to aging of the PW sample. Produced water 2 expressed a simultaneous increase in toxicity with both an increase and decrease in pH values, therefore ammonia and hydrogen sulfide was not seen to be the dominant cause of toxicity.
It has also been suggested that in addition to ammonia and hydrogen sulfide toxicity being sensitive to changes in sample pH, metals also have pH-dependent toxicity [37, 38] that can complicate interpretation of toxicity changes associated with pH. According to a study on the pH-dependent toxicity of five metals to three marine organisms for TIE interpretation of marine systems, changes in metal toxicity with respect to pH must be considered to be both metal-and organism-specific [37] . Ho et al. [38] showed that metal toxicity associated with pH should be considered for porewater and TIE interpretation as the alteration of pH also can change the toxicity of Cu, Cd, Ni, Pb, and Zn to Mysidopsis bahia (mysid), Ampelisca abdita (amphipod), Vibrio fischerii (microtox solid phase test). In that study it was also shown, specifically for mysids, that as pH decreased there was a decrease in toxicity for Pb and an increase in toxicity for Cu and Ni. Another explanation for toxicity as a function of pH is polar organic toxicants being protonated and unprotonated as the pH was altered [R.M. Burgess, U.S. EPA, Narragansett, RI, personal communication]. However, these two factors were not explored further in this present study. The graduated pH manipulation generally functioned well, however consistent pHs were at times difficult to maintain and needed monitoring on a regular basis to ensure consistency. The pH in the test solutions did not change significantly during the 24-h test period (pH at test initiation and termination generally ranged from 6.9 to 7.1 and 6.5 to 7.5, respectively, for pH 7 adjusted samples and from 8.9 to 9.1 and 8.5 to 8.7, respectively, for pH 9 adjusted samples).
Metals and oxidants
Ethylenediaminetetraacetic acid and sodium thiosulfate manipulations were the least effective at reducing effluent toxicity in several of the samples. In our study decrease in toxicity with the use of ethylenediaminetetraacetic acid did not significantly alter toxicity except for PW1. At the highest concentration only, there was a very slight reduction in toxicity in PW5 and PW6. The addition of sodium thiosulfate showed a slight toxicity reduction for PW6.
Both of these manipulations showed a slight increase in toxicity compared to the baseline 24-h LC50 values (sodium thiosulfate addition in PW1 and PW2 and slightly with ethylenediaminetetraacetic acid addition in PW2). The controls for these manipulations were generally within acceptable levels, but the organisms in the PW sample did demonstrate reduced survival, which suggests the test organisms may have undergone some increased stress due to the addition of ethylenediaminetetraacetic acid and sodium thiosulfate concentrations to the produced water.
Aeration and filtration
The aeration procedure caused a significant reduction in the toxicity only in one produced water sample, PW7, which suggests volatile contaminants may have contributed to the overall toxicity. Following the aeration and filtration procedure, there was slight reduction in toxicity for PW6 that was not evident for any of the other PWs.
Particle size
One of the major differences between produced water and other types of effluents is the presence of oil droplets. In addition, unlike other oil-containing wastewater, PW contain particles in oil-in-water emulsions with particle size approximately 2.5 m in diameter. These emulsions are produced from thermal oil facilities as a result of steam injection activities [2] . These emulsions are highly stable and conventional separation of the emulsion into oil and water by gravity-induced American Petroleum Institute separators and pits are proven to be ineffective [2] . Therefore, discharge into aquatic environments of such emulsions is one of the most serious problems facing the environment today. This is especially true for PW1, where the high toxicity could be attributed to a very 1200 Environ. Toxicol. Chem. 23, 2004 N. Elias-Samlalsingh and J.B.R. Agard stable oil-in-water emulsion in which fine oil particles (Ͻ 0.1 microns to 10 microns with the average diameter of 2.5 microns) were thoroughly dispersed in the water phase [2] . The yields of crude oil at PW1 production site are primarily from the prolonged use of steam injection and production levels may be as low as 15%. In cases such as this the produced water following the steam injection process shows no visible sign of further separation of oil from water by natural flotation processes upon standing for several months. Consequently, the PW at this site contains the highest levels of total petroleum hydrocarbons (286 mg/L) ( Table 2) .
Ionic imbalance
The evidence of high ionic imbalances in the produced water samples also may represent a source of toxicity (Table  3) . However, the effects of ion imbalances cannot be revealed using the TIE fractionation procedures employed in this study. Therefore, the ionic composition of the produced water samples was compared with that of the predicted value for each produced water sample, control water (20‰), and standard seawater (35‰) ( Table 3) .
Total dissolved solids concentrations ranged between 6,200 mg/L and 30,800 mg/L for the produced water samples (Table  2 ) as compared to natural seawater, which ranges from about 27,000 mg/L to 44,000 mg/L depending on the area sampled [39] . The predominant ions in seawater are sodium and chloride with smaller concentrations of other ions (e.g., calcium, magnesium, and carbonates) ( Table 3 ). These may not be considered as toxic in isolation if discharged into marine environment. However, discharge into freshwater systems (PW1, PW2, PW3, PW5, and PW6 discharge into small inland rivers) can cause significant ionic imbalances resulting in acute toxicity to freshwater organisms regardless of the presence of other potentially toxic materials [40, 41] . Deviation in salinity, a surplus or deficit of the major seawater ions, or a change in the relative ion proportion can contribute to organism toxicity.
Other ions such as bicarbonates, calcium, and magnesium also are present in elevated levels and/or unusual ratios in the produced waters (Table 3 ) that may create toxicity risks to aquatic organisms. Seawater typically has a Ca:Mg ratio of 1: 3 [42] ; however, in produced water samples from all sites in this study, the Ca:Mg ratio ranged between 1:0.3 to 1:4 ( Table  3) . Irrespective of the salinity, the chloride ion concentration was consistently Ͼ40% by proportion of the major ions in the sample and sodium was Ͼ27%. The normal values for Cl Ϫ and Na ϩ are 34% and 60%, which are not much different from the PW samples; however the values are different.
CONCLUSION
The potential causes of toxicity differed for each PW, however the overwhelming source of toxicity was consistently suspected to be organic compounds. This is consistent with what other researchers have reported in their evaluations of produced waters from several oilfield installations. The major contributors to the acute toxicity of produced water according to Johnsen et al. [34] are the aromatic and phenolic fractions. It must be noted that for the produced water not all the toxicity was removed by any one manipulation, which could imply that the toxicants present may not have been addressed completely by the current marine phase 1 TIE procedures. This study clearly indicates the evaluation of this type of effluent requires a case-by-case determination of toxicity because results are variable from one produced water discharge site to another. Other contributing site-specific potential toxicants can be attributed to metals (PW1, PW5), ammonia (slight in PW6), volatile compounds (PW7), the ionic imbalances (salinity), and stable oil-in-water emulsions (PW1). The low dissolved oxygen levels of all the PW (0.90-2.00 mg/L) can also lower the dissolved oxygen levels in receiving waters and have significant impacts on biological systems.
Produced water discharges from oil production in Trinidad are receiving increased attention due to their being a significant source of toxicity, potential long-term effects, and high water production volumes. This study demonstrates that the marine phase 1 TIE methods are suitable for characterizing the toxicity of produced water. The nonpolar organic compounds identified as being one of the dominant sources of toxicity in these waters probably can be removed from the effluent prior to discharge with the use of activated carbon [43] .
Future directions
Current chemical-specific analyses may not be adequate for accessing the true environmental impact of produced water effluents. This is because the maximum permissible levels of water pollutants from point source discharges may be met by several of the instillations. However, the combined effect of the constituents on in situ organisms, the large discharge volumes, and small mixing zones of the areas where discharges are released are not taken into consideration. The Trinidad and Tobago Water Pollution Rules [8] represent the first tier of environmental regulations and take into consideration the need to monitor toxicity using acute and chronic toxicity tests as well as toxicity identification evaluations as key components of environmental management and sustainable development. Regulators will now be afforded the opportunity to use findings from toxicological investigations for their evaluation of environmental concerns that require attention and as another tool for monitoring effluent discharges.
The development of standards in Trinidad and the wider Caribbean traditionally have been based on data developed for temperate environments (i.e., United States and Canada) and are often applied even though chemical and physical environmental conditions are very different in the tropics. Little research has been conducted on effluents using indigenous tropical toxicity test species, which should produce a more complete and realistic assessment of toxic effects of pollutants in a tropical environment. This study is the first of its kind using M. insularis (the first recommended toxicity test species in Trinidad and Tobago for marine and estuarine environments) for the analysis of produced water using marine TIE procedures. It is hoped that other test species will be identified in the future; for example, a freshwater test organism has not yet been established for use in toxicity testing. It is hoped that with the continued development of environmental toxicology and toxicity testing in the tropics, this type of evaluation will become routine. The ability of the current laws in Trinidad and Tobago governing toxicity and the environment in the future will depend on the further development of toxicological research, and the need for increased interaction of scientific and regulatory institutions.
